Introduction
Edema is defined as a state of extracellular fluid accumulation, mostly of intercellular fluid, and clinically as a state where the subcutaneous tissues become enlarged because of the accumulation of interstitial fluid. Edema is often observed in daily clinical practice and the most serious causes include heart failure (HF), hepatic cirrhosis, and nephrotic syndrome.
Patients with HF are often in a volume overload state because of the increases in extracellular volume, plasma volume, and blood volume; collectively, these disorders result in lower limb edema, jugular venous distension, hepatomegaly, and pulmonary congestion. In patients with HF, volume overload usually accounts for an increase in body weight of as much as 2-5 kg [1] . Volume overload in patients with heart diseases is generally called "cardiac edema".
Pathogenesis of volume overload in HF
Heart failure, a major cause of volume overload, is a syndrome that impairs the pumping function of the heart due to myocardial disorders, which leads to an absolute deficiency or relatively insufficient blood flow to meet the oxygen requirements of the peripheral organs [1] . In response to cardiac dysfunction, compensatory mechanisms are activated to increase the cardiac output, which entail retention of body fluid and increasing the circulatory blood volume to maintain blood pressure. If the compensatory mechanisms work appropriately, no symptoms will emerge; however, if cardiac function deteriorates further, despite the compensatory mechanisms, extracellular volume expansion may occur and venous pressure increases. In turn, this increases the capillary pressure, causing leakage of intracapillary fluid out of the capillaries, resulting in overt edema.
Decreased plasma osmotic pressure is another factor which is involved in volume overload. The plasma osmotic pressure represents the osmolality of plasma proteins and is essential for intravascular fluid maintenance. As the plasma protein volume decreases, the plasma osmotic pressure declines, causing leakage of intravascular fluid out of the blood vessels. Patients with chronic HF often suffer from nutritional disorders and/or gastrointestinal malabsorption, which may promote hypoproteinemia causing a decrease in plasma osmotic pressure.
The volume overload in HF patients is ultimately caused by insufficient renal excretion of fluid and sodium (Na + ). Recent studies have demonstrated the involvement of neurohormonal factors in renal excretion of water and electrolytes in HF patients. In particular, the sympathetic nervous system and the renin-angiotensin-aldosterone system, as well as vasopressin, are critical mediators of volume overload in HF [2] . Circulatory dysfunction may reduce baroreceptor loading in the left ventricle, carotid sinus and aortic arch, which generates afferent signals to the cardiac regulatory center in the brain. This activates the supraoptic nuclei and paraventricular nuclei of the hypothalamus, causing the release of vasopressin from the posterior lobe of the pituitary. In parallel with this pathway, the afferent signals activate the sympathetic nervous system and enhance the renal sympathetic nerve activity.
This stimulates the release of renin and angiotensin I, thus activating the renin-angiotensin-aldosterone system. Angiotensin II promotes the reabsorption of Na + in the renal tubules, despite a reduction in the glomerular filtration rate and/or renal blood flow, and also enhances reabsorption of Na + in the renal collecting tubules via aldosterone secretion. Accordingly, aberrant activation of neurohormones causes a marked volume overload in HF patients.
The role of vasopressin in the volume overload in HF Vasopressin, also known as arginine vasopressin (AVP) and antidiuretic hormone, is involved in the volume overload in patients with chronic HF. Vasopressin is a neuropeptide hormone produced in supraoptic nuclei and paraventricular nuclei of the hypothalamus, and is released into the blood from the posterior lobe of the pituitary where the axon arising from the nerve cell body terminates. Vasopressin secretion from neuronal cells in the hypothalamus is controlled by baroreceptors and osmoreceptors, and is also influenced by abnormalities in the central nervous system, infections, cardiopulmonary disorders, and endocrine disorders as well as various medications. The blood vasopressin concentration significantly increases in response to a decrease in blood pressure or an increase in serum osmolality. Vasopressin acts via V 1a receptors to constrict blood vessels and via the V 2 receptor in the kidney to enhance water reabsorption [3] . These receptors are both transmembrane G protein-coupled receptors, and the V 2 receptors mediate the antidiuretic effects of vasopressin causing volume overload.
HF patients are at a high risk of developing volume overload or inappropriate fluid excretion because of enhanced vasopressin secretion. Such patients often exhibit electrolyte imbalances, particularly hyponatremia of undetermined etiology. In patients with hyponatremia, the use of conventional diuretics to treat volume overload may worsen the electrolyte abnormalities with excessive excretion of electrolytes and aggravation of hyponatremia, which may cause nervous system and cardiovascular complications [4, 5] . Hyponatremia induced by diuretics may result in stupor, coma or even death, while hypokalemia may cause fatal arrhythmia.
Standard therapies for the volume overload in HF
The fundamental therapy for volume overload in HF is a water-and salt-restricted diet to prevent fluid and/or Na + volume overload. However, remission is not achieved in many cases despite a water-and salt-restricted diet, prompting the use of diuretics. Diuretics are the most effective class of medication to relieve the symptoms such as jugular venous distension, hepatomegaly, lower limb edema and pulmonary congestion. The Japanese Circulation Society Guidelines for the Diagnosis and Treatment of Chronic Heart Failure (revised in 2005) [1] classifies diuretic therapies into Class I recommended therapy for the treatment of symptoms associated with volume overload in patients with chronic HF. Diuretic therapy can decrease venous return and lower the preload. In turn, the decreased preload lowers the left ventricular filling pressure, and improves congestion.
Loop diuretics, thiazide diuretics and anti-aldosterone drugs are the most commonly used to treat volume overload in patients with HF. Loop diuretics are the most potent of these diuretics and are currently the first-line medication for volume overload in patients with HF. The Guidelines for the Diagnosis and Treatment of Chronic Heart Failure recommends starting with a low dose, equivalent to 10-20 mg/day of furosemide, and dose titrating according to the symptoms [1] . Thiazide diuretics are strong antihypertensive drugs with a relatively mild diuretic effect and are thus often used in patients with hypertension or with modest edema. Since thiazide diuretics have additive effects when used in combination with loop diuretics, the concomitant use of both drugs should be considered for patients with inadequate effects by a loop diuretic monotherapy. Anti-aldosterone drugs possess a weak diuretic effect but prevent the loss of potassium or magnesium, and should be considered for patients in whom serum electrolyte depletion is a major concern. The RALES study [6] showed that treatment with low-dose anti-aldosterone drug (spironolactone) without much diuretic effect could also reduce all-cause mortality and readmission rates in severe HF patients (NYHA class IV) . The EMPHASIS-HF study [7] also showed that treatment with eplerenone could also reduce all-cause mortality and readmission rates in patients with systolic heart failure and mild symptoms (NYHA classII) ; thus, anti-aldosterone drugs provide a useful therapy for HF.
Loop diuretics and thiazide diuretics are collectively known as saluretic drugs because they may cause serum electrolyte depletions, i.e., hyponatremia and hypokalemia. A decrease in serum Na + concentration often leads to headache, vomiting, muscle spasm, lethargy and disorientation. Seizures, coma, psychiatric disorders, respiratory arrest and brain stem herniation may also occur in severe and acute cases [8] . On the other hand, a decrease in serum potassium concentration may lead to fatal arrhythmia in HF patients. In addition, the concomitant use of digitalis often leads to digitalis intoxication. Hypokalemia also impairs glucose tolerance or worsens pre-existing impaired glucose tolerance. Since saluretic drugs exert an antihypertensive effect, dizziness and/or a light-headed feeling associated with hypotension may be observed. Such symptoms contraindicate an increase in the dose of loop diuretics or the addition of thiazide diuretics. This may also indicate that a sufficient diuretic effect cannot be achieved in some patients. Thus, a novel diuretic that does not enhance electrolyte excretion is required for these HF patients.
Even without any concern of adverse drug reactions, such as electrolyte depletion or hypotension, the effects of conventional diuretics can be attenuated because of decreased cardiac output and/or impaired renal function. In fact, the Outcomes of a Prospective Trial of Intravenous Milrinone for Exacerbations of Chronic Heart Failure (OPTIME CHF) [9] showed that many patients who had been hospitalized for decompensated HF were discharged from hospital even with residual congestion. In this study, the combined rate of mortality and readmission at 60 days after discharge was reported to be as much as 35% [9] . This is mainly because electrolyte imbalance, hypotension and prerenal azotemia. Activation of the renin-angiotensinaldosterone system is often related to the use of diuretics, and therapies to optimize the excretion of excess fluid are often limited. Accordingly, a novel diuretic that possesses a different mechanism of action and exerts combined effects with other diuretics may be useful for these HF patients.
Despite the importance of the clinical development of new therapies for decompensated HF, very few treatments have been introduced in the last 10 years. For volume overload in HF patients, a novel diuretic with a new mechanism of action has long been needed; it is expected to have additive effects when combined with the conventional diuretics, without an increase in electrolyte excretion. Selective antagonists of vasopressin V 2 receptors, which promote excretion of free water without causing electrolyte imbalances, are likely to be clinically useful for treatment of diseases associated with hyponatremia or fluid overload with hyponatremia. Drugs with these properties are called "aquaretics".
Tolvaptan (Fig. 1) is a nonpeptide V 2 receptor antagonist that selectively and competitively inhibits vasopressin binding to the V 2 receptors. Tolvaptan is an aquaretic that promotes the excretion of excess fluid without increasing electrolyte excretion. Since the mechanism of action of tolvaptan differs from that of conventional diuretics, additional diuretic effects are expected in patients with volume overload when administered in combination with other diuretics. In particular, for patients in whom an increase in the dosage of conventional diuretics is contraindicated because of electrolyte depletion or associated adverse effects, tolvaptan is expected to exert further diuresis without an increase in electrolyte excretion through selective inhibition of water reabsorption in the kidney.
Thus, tolvaptan could offer an alternative option for the treatment of edema and volume overload. Indeed, tolvaptan was approved for treatment of hyponatremia with or without volume overload in the US and for the treatment of Syndrome of inappropriate antidiuretic hormone secretion (SIADH) in Europe in 2009.
Purpose of the supplement: therapeutic targets and clinical significance of tolvaptan
The purpose of this supplement is to collate the results of clinical and nonclinical studies for the selective, nonpeptide V 2 receptor antagonist tolvaptan, and to provide information necessary for the use of tolvaptan. This supplement covers five clinical studies [10] [11] [12] [13] [14] , including a Japanese phase 1 study13], and four nonclinical studies (2 pharmacological studies [15, 16] , a pharmacokinetic study [17] , and a safety pharmacology/toxicity study [18] ) as shown in the Table of Contents. A double-blind, placebo-controlled study of tolvaptan (the QUEST study) reported in this supplement [12] enrolled HF patients with uncontrollable volume overload despite the use of conventional diuretics. These eligible patients were treated with 15 mg tolvaptan, once-daily for 7 days, as an add-on to their conventional diuretic therapies. Tolvaptan increased urine volume, with an additive effect to the conventional diuretics. Furthermore, tolvaptan significantly decreased body weight and improved the symptoms of volume overload, including jugular venous distension, hepatomegaly, and lower limb edema in HF patients. Tolvaptan (15 mg/day) together with the conventional diuretics included higher than normal doses of furosemide (100-400 mg/day) elicited potent water diuresis, regardless of the type and dose of the concomitant diuretics. Thus, tolvaptan can improve the volume overload by rescuing the insufficient effects of conventional diuretics. In particular, tolvaptan could be useful in elderly patients who are at higher risk of electrolyte depletion and hypotension associated with diuretics. Clinical and nonclinical studies performed to date suggest that tolvaptan has the following properties: 1) Tolvaptan has no intrinsic antidiuretic effect, but has a strong antagonistic effect against V 2 receptors [19, 20] . 2) Unlike saluretic drugs, tolvaptan has an aquaretic effect without increasing urinary electrolyte excretion [10, 14, 20, 21] . 3) Tolvaptan maintains its aquaretic effect in combination with saluretic drugs [21] . 4) Tolvaptan maintains its aquaretic effect during the multiple-dose period, and improves volume overload and HF symptoms in combination with saluretic drugs [11] [12] [13] [14] . 5) Tolvaptan does not affect neurohormonal factors, renal function, or hemodynamic parameters, such as blood pressure and heart rate [12, 14, 15, 22] . 6) Tolvaptan does not decrease the serum Na + concentration and improves hyponatremia [12, 14] .
Thus, tolvaptan is a promising drug for potent water excretion in the treatment of uncontrollable edema and congestion in HF.
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